Summary. Spermatozoa from the testis and cauda epididymidis of the rat were surface labelled with radioactive iodide, extracted with detergent, and the radioactive proteins separated by two-dimensional 
Introduction
It has become well documented that the sperm surface undergoes physical, chemical and functional modifications during the course of epididymal transit (see Brooks & Tiver, 1983) . Nevertheless, little is known about the changes in protein composition of the sperm plasma membrane which underlie these modifications. Insufficient material is available from small laboratory animals to permit bulk preparation of plasma membranes from spermatozoa of different maturational ages suitable for conventional protein staining on polyacrylamide gels. However, it is possible to radiolabel selectively the polypeptide chain of exposed sperm-surface proteins with radioactive iodide (e.g. Nicolson, Brodginski, Beattie & Yanagimachi, 1979) or to label the exposed carbohydrate moiety of certain glycoproteins with tritiated borohydride (Olson & Hamilton, 1978 (Herr & Eddy, 1980) , hamster (Gabel, Eddy & Shapiro, 1979) , rat (Olson & Hamilton, 1978; Jones, Pholpramool, Setchell & Brown, 1981 ;  Olson & Danzo, 1981 ;  Olson & Orgebin-Crist, 1982; Vierula & Rajaniemi, 1982; Wong, Tsang& Lee, 1982; Brooks & Tiver, 1983; , rabbit (Nicolson et al., 1979;  Oliphant & Singhas, 1979) , ram (Voglmayr, Fairbanks, Jackowitz & Colella, 1980;  Voglmayr, Fairbanks, Vespa & Colella, 1982; Vierula & Rajaniemi, 1982) , bull (Vierula & Rajaniemi, 1981 , and boar (Vierula & Rajaniemi, 1982 (Peterson, Russell, Hunt, Bundman & Freund, 1983; . The objective of the present investigation has been to combine the technique of surface labelling of rat spermatozoa with two-dimensional gel electrophoresis to identify surface protein changes during sperm transport through the epididymis. In addition, immunoprecipitation of radioactive proteins with various polyspecific antisera before gel electrophoresis has been used as an aid to identify which antigens are common and which are not to immature and mature spermatozoa and to spermatozoa and reproductive tract fluids. This information will be of value in future studies of the origin and role of specific proteins in sperm maturation and gamete recognition.
Materials and Methods
Chemicals and animals. Details of the sources of chemicals have been given previously (Brooks, 1981 ; Brooks & Tiver, 1983) . Testicular and caudal spermatozoa were collected from adult male Sprague-Dawley rats and washed in phosphate-buffered saline as described previously (Brooks & Tiver, 1983) . Rete testis fluid and cauda epididymal plasma, collected by the same operative procedures as used for spermatozoa, were cleared of all particulate matter by centrifugation at 100 000 g for 1 h at 2°C. Blood was collected by heart puncture and allowed to clot. Serum was obtained by centrifugation of the clotted blood at 4000 g for 30 min at 2°C. The protein content of these fluids was estimated by the procedure of Hartree (1972) using bovine serum albumin as the standard.
Radiolabelling ofspermatozoa and reproductive-tractfluids. The procedures for surface labelling of spermatozoa, with tritiated borohydride in the presence of galactose oxidase or with ' 25I-iodide in the presence of Iodo-Gen, have been given previously (Brooks & Tiver, 1983) . The iodination procedure for soluble proteins has also been described (Brooks & Tiver, 1983) .
Production, processing and utilization of antisera. Polyspecific antisera were raised in rabbits against testicular and caudal sperm membranes as described previously (Brooks & Tiver, 1983) . Other antisera were raised by a similar protocol against blood serum, rete testis fluid and cauda epididymal plasma. In addition, antiserum against purified epididymal secretory proteins and C (Brooks, 1981) and proteins D and E (Brooks, 1982) were also utilized. In all instances, the immunoglobulin fraction of the antiserum was prepared by ammonium sulphate fractionation as described previously (Brooks & Tiver, 1983) . The use of these antisera to immunoprecipitate radioactive proteins with the aid of Staphylococcus aureus before polyacrylamide gel electrophoresis has also been described (Brooks & Tiver, 1983 Brooks (1983) . Isoelectric focussing in the first dimension was in tube gels containing pH 3-5-10 and pH 5-7 ampholines in the ratio 4:1 (v/v). Separation in the second dimension was in a slab gel with a gradient from 8 to 13% acrylamide. The pH profile of the first dimension tube gels was ascertained by sectioning a blank gel and extracting the segments into degassed water (O'Farrell, 1975) . However, the presence of high concentrations of urea, as exist in two-dimensional gel electrophoresis, can alter both the determination of pH and the isoelectric point of a protein (O'Farrell, 1975) . Calibration of migration in the second dimension was with standard marker proteins (Brooks, 1981) (Laskey, 1980) .
Results

Characteristics of sperm iodination and extraction
Iodo-Gen was used in the present study to catalyse surface labelling of spermatozoa with 125I-iodide. Initial experiments were carried out to characterize the labelling conditions. First, it was ascertained that 2 µg Iodo-Gen was the minimum required to obtain maximum incorporation of radioactive iodide into 2 106 spermatozoa contained in an iodination volume of 100 µ , whereas 10 µg was required for 100 µg soluble protein iodinated under the same conditions. Incorporation of label in the absence of Iodo-Gen was less than 2% of that in its presence. For spermatozoa, an average of 6-3 + 1-3% (mean + s.e.m.; = 9) of the added radioactive iodide became incorporated; whereas for soluble proteins the incorporation was of the order of 90%. Triton X-100 (1%) or 1% Nonidet-P40 (NP-40) extracted 75% of the incorporated radioactivity from spermatozoa in 15 min at room temperature and produced similar two-dimensional gel patterns. Boiling of labelled spermatozoa in 1% sodium dodecyl sulphate (SDS) for 2 min extracted 85% of the incorporated radioactivity. However, two-dimensional gels of SDS extracts produced greater background fogging when exposed to X-ray film. Moreover, SDS extracts were not suitable for immunoprecipitation because SDS denatures the proteins. Therefore, all further studies were carried out using the detergent NP-40 as the extractant.
Based on the time required to obtain adequate autoradiographic exposures, it was estimated that only 10% of the radioactive iodide incorporated into spermatozoa was associated with protein, the remainder being associated with other material, presumed to be lipid. This result most probably reflects the fact that sperm phospholipids are particularly rich in highly unsaturated fatty acids (Poulos, Darin-Bennett & White, 1973) whose double bonds would be expected to incorporate iodide readily. Because these lipids migrated to the bottom of the second-dimension slab gel, they did not interfere with the two-dimensional separation of proteins. Fig. la, c) . The three closely migrating spots at Mr 130 000 (pi 6-2-6-5) coincide with proteins which label with tritiated borohydride in the presence of galactose oxidase. Although it was difficult to detect any of these proteins on caudal spermatozoa, some must be present since antiserum to caudal sperm membranes contained antibodies against them. The two series of proteins stretching from Mr 34 000 (pi 5-3) to 41 000 (pi 4-7)andfrom28 000(pI5-3)to31 000 (pi 4-9) (PL 1, Fig. lc Fig. lb, d ). The androgen-dependent epididymal secretory proteins labelled B, C, D and E were all immunoprecipitated from labelled cauda epididymal plasma by antiserum against caudal sperm membranes, but not by antiserum against testicular sperm membranes, and specific antisera raised against the purified proteins immunoprecipitated these proteins from labelled caudal spermatozoa but not from testicular spermatozoa. These proteins, however, represent relatively minor components of the total labelled proteins (Table 1 Fig. Id) . In contrast to the situation with testicular spermatozoa, it was not possible unequivocally to correlate radioiodinated caudal sperm proteins with those proteins that can be labelled with tritiated borohydride (four proteins of Mr 28 000; see Brooks & Tiver, 1983) .
Several proteins present in rete testis fluid and in cauda epididymal plasma were also associated with the surface of testicular and cauda epididymal spermatozoa (PL 2, Fig. 2 ). This could be deduced by immunoprecipitation of these fluids with antiserum against testicular sperm membranes and against caudal sperm membranes. This group of common proteins includes transferrin, albumin and two proteins of Mr 22 000 (pi 5-5 and pi 5-3). The more basic protein of this pair is one of the major proteins of spermatozoa, rete testis fluid and cauda epididymal plasma, judging from the intensity of the Coomassie-staining pattern of two-dimensional gels; its more acidic partner stained much less intensely with Coomassie blue but labelled more intensely with radioactive iodide (results not shown).
Other proteins of rete testis fluid which are apparently also associated with testicular spermatozoa, since they were immunoprecipitated by antiserum against testicular sperm membranes, are indicated in PL 2, Fig. 2c . Similarly, proteins of cauda epididymal plasma also associated with caudal spermatozoa, as revealed by antiserum against caudal sperm membranes, are indicated in PL 2, Fig. 2d .
Comparison of the proteins of blood serum, rete testis fluid and cauda epididymal plasma Two-dimensional gel patterns of radioiodinated proteins from rete testis fluid and cauda epididymal plasma are presented in PL 2, Fig. 2 and Text- fig. 1 . Rete testis fluid contained many blood proteins, but this may have resulted from contamination with some testicular lymph during the course of collection. The average protein content of rete testis fluid collected in this study was 2-3 mg/ml; values reported by other workers have ranged from 1-2 to 5-7 mg/ml (French & fig. 1 . Two-dimensional maps of radioiodinated proteins of (a) rete testis fluid and (b) cauda epididymal plasma indicating proteins common to the two fluids. The maps were drawn from gels as described in the legend to PL 2, Fig. 2 . Filled-in circles in (a) are proteins of rete testis fluid that were recognized by antiserum against cauda epididymal plasma: proteins which are arrowed are those that were absent from or far more pronounced than in blood serum. Filled-in circles in (b) are proteins of cauda epididymal plasma which were recognized by antiserum against rete testis fluid.
1973 ;Koskimies& Kormano, 1973; Main &Waites, 1977; Setchell etal., 1978 ; Turner, Plesums& Cabot, 1979) . However, a small contamination by volume with testicular lymph, which contains about 50 mg/ml protein (Setchell, 1970) fig. 1(a) . A comparision of cauda epididymal plasma with rete testis fluid reveals that not only is there more than a 10-fold increase in protein concentration of the testicular effluent during passage through the epididymis (2-3 mg/ml in rete testis fluid (present study) compared with 33 mg/ml in cauda epididymal plasma (Back, Shenton & Glover, 1974; Jones, 1978; Turner et al., 1979; Turner & Giles, 1982) (Table 1) .
Discussion
The two-dimensional analysis of radioiodinated testicular and caudal sperm surface proteins reported in the present study confirms similar work in other species with spermatogenic cells (Millette & Moulding, 1981a, b) and with ejaculated spermatozoa (Brooks, 1983) as being synthesized in all regions of the epididymis. In that study the protein was assigned a molecular weight of 41 000. It therefore seems that this protein is already present on the surface of testicular spermatozoa but that continued secretion by the epididymis and binding to the spermatozoon leads to a massive increase in its abundance on the spermatozoa, without any increase in its concen¬ tration in epididymal luminal fluid. By contrast, other proteins represent entirely new additions to the sperm surface. This is the case for the androgen-dependent epididymal-specific secretory proteins B, C, D, and E, whose addition to spermatozoa we have demonstrated previously (Brooks & Tiver, 1983) . However, unlike the Mr 42 000 protein, only small amounts of these proteins become associated with the spermatozoa whilst large amounts accumulate in the epididymal luminal fluid (Brooks & Higgins, 1980 ; present study).
There are other proteins which are present both on spermatozoa and in reproductive-tract fluids but which change little in their relative abundance on the sperm surface during the course of epididymal transit. This is the case for transferrin, albumin and a pair of proteins of Mr 22 000 (pi 5-5 and 5-3). Transferrin arises in rete testis fluid as a result of synthesis and secretion by Sertoli cells (Skinner & Griswold, 1980 ; Wright, Musto, Mather & Bardin, 1981 (pi 5-5) corresponds to the protein A' which we have described previously (Brooks & Higgins, 1980 Although our present results have demonstrated major differences in the polypeptide composition of the sperm plasma membrane during the course of epididymal transit, future studies will need to be directed towards establishing where these proteins are located on the sperm surface and ultimately towards identifying specific roles for particular proteins. Our own work with affinity-purified polyclonal antibodies (Brooks & Tiver, 1983) and that of others with monoclonal antibodies (Feuchter, Vernon & Eddy, 1981; Myles, Primakoff & Bellvé, 1981; Schmell, Yuan, Gulyas & August, 1981 ; Gaunt, 1982; Schmell, Gulyas, Yuan & August, 1982; Crichton & Cohen, 1983; Gaunt, Brown & Jones, 1983; Primakoff & Myles, 1983) reveal that the sperm plasma membrane is a highly differentiated structure with particular antigens being restricted to specific domains of the sperm surface. Assortment of antigens into specific surface domains is clearly intimately involved with the specialized tasks which each component of the spermatozoon is required to perform.
